[1] We model the local interaction between the plasma in the torus and Io's neutral corona (inside $6 R Io ), focusing on the multispecies chemistry outside the collision-dominated ionosphere. We include a detailed chemistry of S, O, SO 2 , SO under ionization, charge exchange, and recombination processes in a parcel of plasma that follows a prescribed flow field around Io's ionosphere and interacts with the neutral density profiles in the corona, as constrained by available observations. We compare the model results to the Galileo plasma observations in Io's wake (GLL/J0). We conclude the following: (1) The plasma characteristics along GLL/J0 require a dense SO 2 corona confined close to Io (<2 R Io ). (2) Molecular SO 2 chemistry dominates the interaction, with atomic chemistry playing a negligible role. (3) SO 2 + is the main output ion of the local interaction, but it recombines and dissociates rapidly so that the contribution of the local interaction to the global mass and energy supply of the torus is very small. (4) The high density of plasma observed in the wake requires a supplemental ionization source beyond the thermal electrons of the torus, and we estimate the ionization due to the ($350 eV) field-aligned electron beams observed around Io. (5) Assuming a SO 2 atmosphere/corona with a vertical column of 6 Â 10 16 cm À2 and a prescribed deceleration of the flow around Io, we estimate a local ion mass production rate of $200 kg/s. We also compute a neutral loss rate of $2400 kg/s and a pick-up current of $5.2 MAmp, both dominated by the SO 2 resonant charge exchange reaction.
Introduction
[2] Our motivation for studying Jupiter's enigmatic moon Io is primarily to characterize the supply of plasma and energy to the Jovian magnetosphere taking place close to Io. However the nature of the plasma-atmosphere interaction also has important implications for the heating of Io's atmosphere and for electrodynamic coupling to Jupiter's ionosphere (see review by Saur et al. [2004] ). For example, the detection of a UV auroral spot near the foot of the magnetic flux tube that connects to Io is a dramatic illustration of the long-range influence of the Io interaction (see review by Clarke et al. [2004] ). The processes initiated near Io accelerate electrons toward both ionospheres of Jupiter and excite the UV auroral spots. A better understanding of the local interaction is thus needed as a first step to understand how and where the power is supplied to the Io/Jupiter system. Moreover, this local interaction is well constrained by data obtained on the several occasions that the Galileo spacecraft passed close to Io (see summary of flyby geometries by Bagenal et al. [2004] ). While there remains some debate about the relative importance of direct escape from volcanic geysers vs. sublimation of volcanic material deposited as frosts on Io's surface, there is no question about volcanic activity being the ultimate source of a patchy and variable bound atmosphere [reviewed by McGrath et al., 2004] . Heated by the plasma interaction, Io's upper atmosphere extends as a corona to the Hill radius of $6 R Io and subsequently feeds the neutral clouds that span several Jovian radii (R J ) along Io's orbit (see review by Thomas et al. [2004] ). Plasma trapped in Jupiter's magnetosphere bombards these clouds with a relative velocity of $57 km/s triggering reactions of dissociation, ionization, charge exchange, recombination as well as elastic collisions, which change the composition and energy of the incoming plasma. Io supplies about 1 ton/s of neutral material, about half of which becomes ionized to supply additional material to the torus of plasma surrounding Jupiter. The remaining neutral material undergoes charge exchange reactions in which energy is supplied to the torus plasma and energetic neutral atoms are lost from the jovian system. It is not clear, however, if the new plasma is supplied by ionization of the corona, close to Io, or by the extended neutral clouds far from Io. In this work, we focus on the local interaction at Io, defined as the interaction of torus plasma and the neutrals in Io's corona (or exosphere) within $6 R Io . The interaction of torus plasma with the extended neutral clouds is reviewed by Thomas et al. [2004] and recently modeled by Delamere et al. [2004] .
[3] On December 1995, Galileo flew about 900 km from the surface of Io on the side downstream of the corotating plasma flow (this flyby is called GLL/J0 in the rest of the paper). Later, Galileo made several close flybys on the flanks and over the poles of Io. In this paper, we use the GLL/J0 observations in Io's plasma wake as the major constraints of our model. The plasma characteristics along the GLL/J0 trajectory have been described by Bagenal [1997] and are shown on Figure 1 together with the probe trajectory. Galileo observed a dense wake of cold plasma. In the center of the wake, the electron density peaked at $30,000 cm À3 and the flow slowed down to almost stagnation at $2 km/s. The average ion temperature rose to $300 eV on the flanks then dropped to $10 eV in the core of the wake. The magnetic field was depressed by an amplitude of $600 nT. Far from Io, Galileo observed a background plasma that was denser and hotter than observed by Voyager 1 in 1979, with a plasma density $4000 cm
À3
(compared with the Voyager 1 value of $2000 cm
) and an average ion temperature $100 eV (compared with Voyager's $60 eV). The background GLL/J0 plasma flow $45 km/s, rather slower than the relative velocity of the plasma in Io's reference frame (57 km/s) but, according to Frank et al. [1996] uncertainties in the ion composition introduce uncertainties in the flow speeds of $15% which do not rule out the possibility of full corotational flow. Figure 1 shows an asymmetry in the plasma characteristic along the GLL/J0 trajectory relative to Io's location which may result of several factors. First, there is an effect of Galileo's slanted trajectory relative to the flow direction. Second, the flow around Io is probably asymmetric as Saur et al. [1999] showed with 2-fluid modeling. Third, there might be some effect of the relatively large gyroradius of heavy ions ($20 km for an SO 2 ion at 60 km/s) that may affect the plasma density profile in the wake. This study does not address the asymmetry of the plasma parameters and for the rest of the paper we will compare the model results and the GLL/J0 data for only the inbound trajectory, on the antiJupiter side of Io.
[4] Since the local interaction has been extensively studied in the past (see review by Saur et al. [2004] ), we briefly summarize the previous results that are particularly relevant to our study. There has been considerable study of the plasma-Io interaction with numerical models that selfconsistently solve the 3-D MHD equations for a one-fluid plasma [Linker et al., 1988 [Linker et al., , 1989 [Linker et al., , 1991 [Linker et al., , 1998 Combi et al., 1998 ]. Such models simulate the flow of a magnetized plasma encountering a conducting sphere representing Io and its dense ionosphere. They model the ionization and charge exchange taking place in the corona by prescribing the rates of these reactions in a spherical cloud around Io. These rates are parameterized by the lifetime of each reaction. The model parameters are then adjusted to fit the plasma characteristics observed along the GLL/J0 trajectory. In general, such models are able to reproduce the gross features of the plasma observed in the wake. An alternative approach is to assume a steady state 3-D 2-fluid to study the interaction of electrons and of one type of ion (SO 2 + ) with a prescribed SO 2 atmosphere that extends down to the surface of Io [Saur et al., 1999 [Saur et al., , 2002 [Saur et al., , 2003 . These authors compute effective conductivities based on ionization, charge exchange and elastic collisions. They then selfconsistently compute the electric field, the electric current, the electron and ion velocities, the electron and ion temperature and plasma density around Io. Although they do not self-consistently compute the magnetic field perturba- Figure 1 . The J0 trajectory of the Galileo spacecraft and plasma measurements made along the trajectory [Bagenal, 1997] . tion, they are able to evaluate it a posteriori through the application of Ampere's law from the calculated current. Their plasma flow is comparable to the MHD flow far from Io, but becomes strongly decelerated and highly asymmetrical in the collisional ionosphere. Because of a strong Hall effect, the electron flow is strongly twisted toward Jupiter while the ion flow is slightly diverted in the anti-jovian direction. This separation of the electron and ion flows leads to high currents in the ionosphere that are eventually diverted along the magnetic field in the Alfvén wing. Saur et al. [1999] compute an Alfvén wing current of 5 MAmp. They claim that their boundary conditions are more physical than the ones used by Linker et al. because, they argue, when a flow line hits the surface of Io it ends up empty of plasma. The direct effect of this boundary condition is that Io's wake becomes devoid of plasma and their plasma density profile along the GLL/J0 trajectory presents two peaks on the flanks and a large ''bite out'' in the middle. Saur et al. [1999] state that this ''bite-out'' is due to the simplification of their model whereby there is no electron flow along the field lines to fill the wake. In further publication, Saur et al. [2002] fill their empty wake with a new ionization source in Io's downstream atmosphere, provided by energetic electron beams (detected by Galileo in the wake) flowing along the magnetic field lines. In general, Saur et al. [2002] were able to address many detailed features of the GLL/J0 measurements, such as the double-peaked magnetic perturbation.
[5] Studies of the local interaction have been limited, heretofore, to 2 main approaches: MHD models which parameterized ionization and charge exchange rates in the corona (i.e., no explicit chemistry); or through 2-fluid modeling assuming a plasma composition described by only one ion (SO 2 + ) interacting with only one type of neutral (SO 2 ). Yet we know the torus plasma is composed of multiple ionization states of S and O. This multispecies plasma interacts with Io's neutral corona that is composed of S, O, SO 2 , SO to cite only some of the observed neutrals around Io. The ionization of the neutrals provides fresh plasma to the torus and ions resulting from both ionization and charge-exchange are picked-up by the flow, altering considerably the composition and the energy of the plasma of the torus close to Io. We focus on the multispecies chemistry of the interaction in Io's corona, outside of the collision-dominated ionosphere. Thus we do not consider the elastic collisions and the resulting conduction current through Io that Saur et al. [1999] address. Because of the complexity of the chemical reactions assumed in this work, we necessarily simplify the electrodynamic description of the interaction.
[6] This work addresses the following issues: [7] (1) Can a multispecies model match the observed plasma parameters along the GLL/J0 trajectory? We show that, assuming prescribed neutral densities described in section 2.2, the model provides a reasonable fit to the wake observations.
[8] (2) What is the dominant chemistry of the local interaction? We show that molecular (SO 2 ) chemistry dominates over the atomic (S, O) chemistry.
[9] (3) How much fresh plasma is globally supplied to the torus by the local interaction? We show that the supply of plasma very close to Io is relatively minor (200 -300 kg/s) and that this fresh plasma is delivered as molecular ions that recombine and dissociate rapidly as atomic neutrals. We conclude that the local interaction at Io contributes very little to the global mass and energy supply of the torus. The bulk of the plasma delivered to the torus is thus probably supplied by the extended neutral clouds far from Io.
[10] (4) What is the rate of neutral removal from Io's corona as ions? We show that about 2 -3 tons/s of neutral material are removed from the corona but almost all escape rapidly from the torus system as fast neutrals.
[11] (5) What is the contribution of currents generated in the pick-up process (subsequent to ionization or charge exchange) to the currents propagating along the Alfvén wing? We show that the pick-up current (2 -3 MAmp) contributes significantly to the Alfvén wing current and thus to the dynamics of the plasma flow around Io.
[12] (6) We show that the $350eV parallel electron beams observed by Galileo in Io's wake could contribute significantly to the plasma production if also present in the dense atmosphere of Io.
Model
[13] The basic idea of the model is to follow a parcel of the torus plasma in its motion around Io. We impose plasma properties upstream of Io as observed in the torus (i.e., density, temperature, and composition). The motion of the plasma parcel is prescribed as an incompressible flow around a solid obstacle representing Io and its collisiondominated ionosphere. As the parcel approaches Io, it encounters the neutral corona where ionization, charge exchange, pick-up and recombination take place, changing the ion composition and temperature of the parcel. The plasma characteristics of the parcel are then collected along the GLL/J0 trajectory and compared with the observations. The plasma production rate, the neutral loss rate, the ion mass production rate and the pick-up currents are computed over the whole simulation box for a range of different assumptions about the distribution of neutrals and flow velocity around Io. The simulation box is centered on Io and extends from À10 R Io to +10 R Io in the flow direction and À5 R Io to +5 R Io in the Io-Jupiter direction.
[14] In order to fully explore the plasma chemistry we keep the electrodynamics simple and make several assumptions that are justified in each sections of the model description. A summary of the simplifications and assumptions of the present modeling can be found in section 2.5.
[15] The model is not dynamically self-consistent in the sense that the velocity of the parcel is prescribed and does not include any effects of collisions, charge exchange or ionization on the flow [e.g., see Linker et al., 1998 ]. The model is also not electromagnetically self-consistent. Elastic collisions in Io's ionosphere, ionization and charge exchange are sources of currents through Io's corona that are eventually the cause of the diversion of the flow around Io. Here the flow diversion will be prescribed without calculating the effects of ionization and charge exchange on the flow. Finally, the model is not completely chemically self-consistent in the sense that the neutral densities of the major neutral species are prescribed and not consistently computed from the primordial SO 2 volcanic and sublimation sources. Nevertheless, these simplifications allow us to elucidate the role of multispecies physical chemistry on the interaction of the torus plasma with Io's extended atmosphere.
Chemical Model
[16] The physical and chemical interactions of the plasma in the torus with the neutrals around Io is based on the multispecies physical chemical model by Delamere and Bagenal [2003] . This model (hereafter referred to as the ''homogenous torus'' model) is initially a homogenous 0-D time-dependent torus model that includes the atomic chemistry of S and O and ions thereof. The model solves equations of conservation of mass and energy for each ion species and electrons. It incorporates experimental data for coulomb collisions, ionization, recombination, charge exchange and UV radiative losses and has proved to be successful at investigating variability of torus properties. We have adapted the model to describe the local chemistry that takes place in the plasma parcel along its path through Io's neutral corona. We have added the molecular chemistry of SO 2 and SO and have used the electron energy equation by Saur et al. [1999] . It includes cooling due the inelastic collisions between electrons and ions, which is particularly important close to Io where the neutral density is very high. We will not consider the effects of the small hot electron population in the incoming torus plasma. Saur et al. [2003] calculated that this population accounts for a mere 2% of the total ionization close to Io. We also ignore photo-ionization, which contributes less than 15% of the total ionization rate Saur et al. [2003] . We have listed in Appendix A all the chemical reactions considered in this work and in Appendix B the mass and energy equations as well as references for their reaction rate coefficients. Here we summarize a few noteworthy features of this large ensemble of chemical reactions:
[17] (1) Electron impact dissociation of SO 2 is the fastest reaction. Smyth and Marconi [1998] computed the characteristic lifetime of an SO 2 molecule experiencing a Voyager plasma conditions and computed a dissociation lifetime of a few hours, much faster than any other electron impact reaction. We do not include electron impact dissociation in the chemistry because it is implicitly accounted for by taking prescribed neutral atomic profiles (shown in section 2.2.2) based on observations which result from the fast dissociation. However we include it in the electron energy equation as an energy loss process. The atomic distributions implicitly result from the fast dissociation, which, together with the elastic collisions eventually feed the extended neutral clouds.
[18] (2) New ions resulting from ionization or charge exchange are picked up by the flow: they acquire a gyrocenter drifting velocity as well as a gyromotion velocity equal to the local flow velocity. The average energy of the gyromotion is an essential heating source for the plasma of the torus: An SO 2 + ion picked up at a local flow velocity of 60 km/s acquires a gyromotion energy $1080 eV, which is large compared with the average ion thermal energy upstream $100 eV. We show, however, that this energy source is less effective than one might initially suppose.
[19] (3) The atomic ion recombination rate is small while the molecular ion dissociative recombination is very fast because each particle resulting from the dissociation can carry the extra energy of the incoming electron. In Io's wake, the electrons are cold and numerous. The dissociative recombination is thus very efficient at removing molecular ions before they can be added to the torus (as discussed further in section 3.4).
Neutral Density Profiles in Io's Corona
[20] SO 2 is the dominant species of Io's bound atmosphere. By-products of the fast SO 2 dissociation (S, O and SO) have been observed close to Io, extending to several R Io . In our model, we will prescribe the neutral profiles of S, O, SO 2 and O in Io's corona, constrained as best as possible by the available observations. The profiles applied in this work are shown on Figure 2 . The SO 2 profile represents a dense atmosphere bound to Io with a corona whose radial extent is sharply cut off by the fast dissociation processes. At about 2 R Io from the surface, the atomic products of the dissociation process (S and O) dominate and their profiles extend smoothly to far distances consistently with the UV observations of S and O emissions described below. 2.2.1. Neutral SO 2 and SO Radial Density Profiles
[21] The SO 2 atmosphere has been extensively studied in the last two decades but some fundamental questions about its source and distribution remain unanswered. It is probably patchy and variable due to its volcanic and sublimation sources. As extensively reviewed by McGrath et al. [2004] and Lellouch et al. [2007] , the emerging picture is an SO 2 atmosphere covering 50-70% of Io's dayside, concentrated at low latitudes with an average density column $[1 -10] Â 10 16 cm
À2
. The SO 2 radial profile is poorly determined. To describe a localized dense SO 2 atmosphere/corona, we will use the very simplified SO 2 radial density profile by Saur et al. [1999] . These authors propose a radial hydrostatic atmosphere with a surface scale height of 100 km, vanishing at a distance of 3.5 R Io above the surface. Although a rigorous physical basis for such a profile is lacking, it simulates the removal of the neutral atmosphere by the torus plasma flow and will be sufficient for our purposes. We use this radial profile to prescribe the density in Io's equatorial plane. Since observations suggest Io's atmosphere seems to be confined to the equator, we assume that this radial profile extends uniformly along the Jovian magnetic field line crossing Io with a thickness = 1R Io . This radial density profile of SO 2 is scaled to produce a vertical column $6 Â 16 cm
, which falls in the range of the observations cited by McGrath. In the rest of the paper, we will call this profile, the ''Nominal SO 2 '' profile (case 3 of Table 1 ). We will also scale the SO 2 profiles to a ''Reduced SO 2 '' (case 4) and an ''Enhanced SO 2 '' column (case 5) to roughly span the observed range.
[22] SO has been detected both in millimeter observations and infrared spectroscopy [reviewed by McGrath et al., 2004] . SO is a by-product of SO 2 dissociation but it was also observed as direct ejection from a volcanic vent. The interpretation of the observations is still ambiguous, consistent either with a very low column hemispheric SO atmosphere or a SO column mixed with SO 2 on a restricted fraction of Io's surface with a SO/SO 2 mixing ratio $10%. In this work, we will make the simplifying assumption that SO and SO 2 are collocated and thus assume an SO radial density profile similar to the SO 2 profile with a radial column of 10% of the SO 2 column.
Radial Density Profiles of Neutral Sulfur and Oxygen
[23] Atomic sulfur and oxygen emissions have been extensively observed near Io and in the torus. McGrath et al. [2004] explain that these emissions are difficult to interpret unequivocally in terms of neutral density profiles because they represent a line-of-sight brightness integration that depends on the neutral density, the electron density and the electron temperature. The excitation itself can result from direct electron impact on atomic species or dissociative excitation of molecular species. McGrath et al. [2004] state that it is generally assumed that direct electron impact on atoms is the excitation mechanism and that the electron density and temperature are constant along the line of sight. All are questionable assumptions and the atomic neutral atmosphere very close to Io is thus poorly constrained. Wolven et al. [2001] observe O and S emissions around Io at very high spatial resolution, using the Space Telescope Imaging Spectrograph. They provide radial brightness profiles from $1 to $10 Io radii. These profiles are quite complex, revealing distinct emission regions near Io's equator: limb glow on the hemisphere facing Jupiter, equatorial spots under 1.4 R Io and diffuse emissions beyond.
The slopes of these powerlaw profiles between 1.4 and 4 R Io have indices ranging from À1.51 to À1.97, depending on the hemisphere (trailing/leading) and on Io's orbital phase. Assuming nominal torus values for the electron density ($2000 cm
À3
) and temperature (5 eV) and a spherically symmetric distribution of O emissions, the authors compute a neutral O density at 2 R Io of $1-2 Â 10 5 cm À3 . This O density at 2R Io is reasonable as the electron temperature and density are probably close to their background value at this distance. In this work, for simplicity, we assume an oxygen brightness power law slope of À1.8 in Io's equatorial plane, in the range of Wolven et al.'s [2001] analysis. The electron density and temperature certainly vary strongly close to Io, but, as these two effects cannot be untangled by the observations, we will make the simplification that the increase in brightness toward Io is caused only by the radial increase of only neutral density and that the electron density and temperature are constant and equal to their nominal Voyager's values (T el = 5 eV and n el = 2000 cm À3 ).
[24] The brightness profile powerlaw can then be used to infer an oxygen density profile power law index of = À2.8, assuming a spherically symmetric atmosphere. We extend this O profile from Io's surface to 10 R Io and scale it to . From the profiles described above, we get a vertical column of 7.1 Â 10 13 cm À2 for atomic oxygen and 3.7 Â 10 13 cm À2 for sulfur consistent with the observational range. In the rest of this paper, these O and S profiles will be called the ''Nominal O and S'' neutral density profiles. They are shown on Figure 2 . We explore the sensitivity of the model to O and S densities by increasing these columns by a factor of 10 in section 3.1.
Two-Dimensional Flow Around Io
[25] In this work, we idealize the flow of the plasma around Io as an incompressible flow around a perfectly conducting obstacle representing Io and its collisiondominated bound ionosphere. We thus model the interaction in the corona itself and not deep down in the ionosphere where conduction currents dominate the dynamics. Although the bound ionosphere is critical for the self-consistent computation of the flow [Saur et al., 1999] , this flow is almost stagnated as confirmed by Galileo flow measurements on a polar flyby through the Alfven wing (flow velocity < 2 km/s [see Chust et al., 2005] for a summary of the flybys and references herein). The plasma is also very cold. These two factors imply that ionization and charge exchange rates are very small and thus little chemistry takes place in the bound ionosphere (see discussion in section 3.7). As stated in the introduction section, our focus is actually the computation of the plasma and the energy supplied locally to the torus and we can thus reasonably ignore the small contribution of the bound ionosphere.
[26] We use a flow description based on the work by Neubauer [1980] . Barnett [1986] [Linker et al., 1998 ].
where n n is the neutral density, s i,n the ion/neutral collision cross-section, v the relative velocity of ions and neutrals and W i the gyrofrequency of the main ion involved in the collision. At Io, assuming SO 2 ions and a magnetic field = 2000 nT,
. Assuming a SO 2 + /SO 2 collision crosssection varying between 4 and 20 10 À16 cm 2 (for induced dipole attraction or SO 2 + resonant charge exchange (Saur et al. 1999) ) and a flow velocity varying between 10 and 57 km/s, the boundary of the collision-dominated ionosphere is reached when the neutral density is between 4.4 Â 10 7 and 1.2 Â 10 9 cm À3 . For the SO 2 density profile shown on Figure 2 , this neutral density is reached between 1.1 and 1.35 R Io from Io's center. Barnett's obstacle size falls in this range, so for simplicity, we will use his 1.26 R Io obstacle's size and argue that this simplification is sufficient for the limited purpose of assessing the effects of the multispecies chemistry. The flow speed assumed in this model is shown on the left-hand side of Figure 3 . Close to Io, the flow is slowed down to $10 km/s upstream and diverted along the flanks where it is accelerated to $114 km/s (twice the upstream velocity [Neubauer, 1980] ). The flow is then slowed again in the wake to $10 km/s before reaching the 57 km/s background flow velocity farther downstream. We assume that the flow is similar above and below Io's orbital plane so that there is no flow passing above or under Io.
[27] We emphasize that this flow pattern was deduced from observations far from Io's neutral corona ($10 R Io south of Io, upstream of the Alfvén wing). Close to Io, around the bound ionosphere and it therefore does not have an effect on the results of this paper.
Upstream Plasma Description
[28] The upstream plasma characteristics used in this study are based on observations along the GLL/J0 trajectory far from Io. We use an upstream electron density n el = 3778 cm À3 , electron temperature T el = 5 eV and ion temperature T i = 101 eV [Bagenal, 1997; Crary et al., 1998 ]. Because the plasma composition is poorly constrained by in situ measurements, we base the ion composition of the upstream plasma in our model on the homogeneous, steady state simulations of Delamere et al., 2004 . Based on an electron density of 3778 cm À3 , the respective ion upstream densities used in the model are as follows: n(S
Summary of Model Assumptions
[29] Because of the complexity of the chemical reactions assumed in this work, we made several working assumptions and simplify the electrodynamic description of the interaction. Some assumptions are based on the available observations, such as the radial profiles and columns of S and O. Some assumptions are simplifications that do not alter the conclusions of this work, such as considering the chemistry outside the collisional ionosphere. We argued that the ionosphere does not contribute much to the plasma and energy supply to the torus, which is the focus of this work so that the quantitative results of this modeling under this simplification are still relevant. Some assumptions are working hypothesis that we test in this paper, such as the column and profile of SO 2 and the prescribed flow velocity. We will show that the prescribed velocity field (called the ''non-slowed flow'' in the rest of this article) as described in section 2.3 is not a good hypothesis but that some adaptation of this flow is needed in order for the model to match the ion temperature along the GLL/J0 trajectory. This adapted flow (''slowed flow'' in the rest of the paper) and the quantitative results deduced from it (such as the plasma production rate, the neutral loss mass etc.) will be validated by computing a total Alfvén wing current that is reasonably consistent with Voyager observations and other modeling results published in the literature. We will show that the hypothesis of an SO 2 profile displaying a dense localized atmosphere close to Io is supported by the match of the modeled plasma density and ion temperature profiles along GLL/J0.
Model Results Along the Galileo/J0 Trajectory
[30] In this section, we present 7 sensitivity study cases (Table 1) and compare them to the GLL/J0 observations. These sensitivity studies represent a first step to allow us to determine the important characteristics of the neutral density profiles, flow velocity and dominant chemistry.
Considering Atomic Chemistry Alone
[31] We start our study of multispecies chemistry with the simplest assumption: we consider the O and S chemistry alone and ignore all molecular reactions. The rationale for this experiment is to explore the possibility that the plasma density and ion temperature profiles observed by Galileo in Io's wake can be matched by the smooth atomic neutral clouds (extending to $10 R Io ), even with increased column density but without the contribution of the dense SO 2 atmosphere that is localized very close to Io's surface. In Case 1, we use the nominal S and O density profiles and in Figure 8 . Mixing ratio for each ion along the GLL/J0 trajectory using the nominal atomic and molecular atmosphere and a slowed flow (Case 6 of Table 2 ). N el is the electron density scaled by 10
Case 2, we explore the uncertainty in these profiles with a ten-fold scaling of the nominal profiles. Results for Cases 1 and 2 are presented in Figure 4 . We have added the modeled electron temperature along the GLL/J0 trajectory although it was not observed at this high spatial resolution. In Case 1, the model does not reproduce the steep increase both in plasma density and average ion temperature, observed around flow line number 8, which samples Io's atmosphere at a distance $1 R Io from the surface. Case 1 does not provide much ionization. While increasing the neutral S and O columns does increase the ionization (Case 2), the profiles are still smoother than the data because the neutral profiles are themselves smooth. Obviously, the steep profiles of plasma density and ion temperature deduced from the data call for an additional process close to the flanks of Io. A possible way to increase ionization close to the flanks of Io could be a local denser atmosphere very close to Io's surface, such as SO 2 . We will explore this possibility in the next section.
Adding a Molecular Neutral Atmosphere: SO 2 and SO
[32] In the following experiments, we use the S and O nominal profiles and add the SO 2 and SO profiles with variable column densities. Case 3 uses the nominal SO 2 column described on Figure 2 . Case 4 uses a reduced SO 2 column density = 30% of the nominal column, Case 5 simulates an enhanced SO 2 corona where the column is 5 times the nominal one. Figure 5 shows the plasma conditions along the GLL/J0 trajectory for the nominal SO 2 profile of Case 3. Comparison with the atomic neutrals (cases 1 and 2 in Figure 4 ) demonstrates how the steeper profile of molecules produces a better fit to the observations but still does not match the core of the wake. Figure 6 compares Cases 3, 4, and 5. For all experiments, we obtain a steep increase in electron density and ion temperature at $2 R Io along the GLL/J0 trajectory (see flow line 8, skimming Io at a distance < $2 R Io from Io's center). This is in striking contrast to Cases 1 and 2 (Figure 4) where we use the flatter profiles of S and O. The reduced column of Case 4 and the enhanced column of Case 5 show that by increasing the overall density of the neutral SO 2 atmosphere the location of the density enhancement moves radially outward while the peak density is limited by electron cooling in the denser region close to Io. This important stabilizing effect will be re-emphasized in section 5.2. In all experiments the modeled plasma density at their peak is about 1/3 the observed value ($30,000 cm À3 ) in the center of the wake. The flow lines beyond number 11 probe Io's atmosphere at distance closer than 0.4 R Io above the surface, where the neutral density is high. The inelastic collisions between electrons and neutrals cool the electrons down to a temperature lower than 1 eV, which inhibits any further ionization. These experiments suggest that the locally dense SO 2 atmosphere and the SO 2 chemistry are essential in order to explain the steep plasma density increase observed along the GLL/J0 trajectory at $2 R Io on the flanks of the wake. However to explain the dense center of the wake an additional mechanism needs to provide further ionization. As a test, we ran the model while bypassing completely the atomic chemistry and obtained essentially the same results. The chemistry of O and S, assuming the neutral density profiles shown on Figure 2 , plays a minor role both in shaping the plasma characteristics along the GLL/J0 trajectory as well as in contributing to the total neutral loss rate (see section 5.2). We emphasize that it is not the nature of SO 2 and its chemical reactions that matter but the fact that the neutral density is very high and localized close to Io. While we could have increased arbitrarily the S and O densities close to Io, where they are poorly constrained by observations, we recall that SO 2 has been observed close to Io with a high vertical column and is thus the main component of this dense localized atmosphere. The density of SO 2 + ions along GLL/J0 was deduced from the observations of ion cyclotron waves by the Galileo magnetometer [Huddleston et al., 1997] . The data cover the flanks of the wake and no SO 2 + density could be computed right behind Io, from À2R Io to +2R Io along the GLL/J0 trajectory. The modeled SO 2 + density computed at 2 R Io along the GLL/J0 trajectory (flow line 7) for Case 5 is about $300 cm
À3
. This result is in agreement with the Huddleston's inference of the minimum SO 2 + density at the same location on the inbound trajectory ($200 -300 cm
) better illustrated in Figure 3 of Smyth and Marconi [1998] supporting a dense SO 2 atmosphere close to Io.
[33] Figures 5 and 6 illustrate two problems with the models so far:
[34] (1) The average ion temperature profile displays a steep increase around 2 R Io along the GLL/J0 trajectory. In all experiments, inward of flow lines $#8, the average temperature is much higher than observed. This is the direct consequence of the flow field we assumed. Close to Io, the modeled flow is fast (twice the upstream velocity) and heavy ions such as SO 2 + and SO + are picked-up at this high velocity. In the pick-up process, the heavy ions gain a large amount of energy in their gyromotion. SO 2 + ions picked-up at 57 km/s gain 1080 eV in thermal energy and about 4 times more at 114 km/s.
[35] (2) Even with a dense SO 2 atmosphere we are not able to produce the peak of the electron density in the center of the wake. This lack of plasma in the center of the wake may have several causes. We do not have any plasma flow above the poles, which could increase the plasma density in the wake. Another hypothesis is that we might be missing an alternative source of ionization. Saur et al. [2002] showed that electron beams parallel to the magnetic field, which were detected along the GLL/J0 trajectory can provide further ionization. We will address these two problems in the next sections.
Slowing the Flow
[36] The results of the above simulations lead us to investigate the limitation of our non self-consistent flow. The ionization and charge-exchange reactions extract momentum from the surrounding plasma. This should slow the flow around Io relative to that of an incompressible fluid moving past a cylindrical object. The first effect of such deceleration of the flow would be to decrease the average ion temperature as the new ions are picked-up at a slower flow velocity. Intuitively, the second effect of slowing the flow would be an increase of the plasma production (total ionization) as a parcel of plasma would spend more time in the dense atmosphere of Io. However, as we will show, this is not the case. [37] Slowing the flow self-consistently is beyond the scope of this work. Nevertheless, we estimate the effect by forcing the flow to slow down close to Io. We introduce a prescribed deceleration that produces a reasonable match to the average ion temperature. In this simulation (Case 6), we keep the nominal neutral density of Case 3 but the flow velocity around Io is slowed by factor that ranges linearly from 100% at $1R Io to $10% at a distance of 0.26 R Io above the surface. Thus at 1.26 R Io on the flanks, the flow velocity is reduced from 114 km/s to $10 km/s (see Figure 3) . The slowing function is shown in Appendix C.
[38] The results of decelerating the flow are shown in Figure 7 and should be compared with Case 3 illustrated in Figure 5 . The average ion temperature decreases drastically as the ions are picked-up at a slower flow velocity and the plasma density actually decreases on flow lines that pass in the dense part of Io's corona (flow lines 11 to 14). The cooling of electrons through inelastic collisions shuts down the ionization and counterbalances the longer time the plasma parcel is spending in Io's atmosphere. Figure 7 shows that this prescribed slowing of the flow, adjusted to roughly match the average ion temperature along the GLL/J0 trajectory, does not provide a good fit to the observed plasma velocity in the wake. As shown also in Figure 3 , the prescribed slowed flow is symmetrical upstream and downstream. It does not describe the long wake of slowed flow that has been observed to extend downstream further than 7 R Io [Hinson et al., 1998 ]. The long wake consists of a dense and cold plasma, the flow is almost stagnated [Bagenal, 1997] and the dense SO 2 atmosphere vanishes rapidly with distance to Io. Its far-distance contribution to the plasma and energy supply to the torus is thus negligible. A self-consistent calculation of the flow, including the momentum transfer from the plasma in the torus, is needed to address the formation of a long wake but this detailed description of the flow is not the focus of this work. Our goal is to provide a reasonable flow where the SO 2 atmosphere is still dense (<2 R Io ) and where the chemistry matters. The prescribed ''slowed flow'' is an attempt to prescribe such a flow, using the only constraint of the average ion temperature along GLL/J0. This slowed flow is a simplification of the flow close to the boundary of the stagnated ionosphere. A self-consistent flow calculation like Saur et al. [1999] shows that in this region, the flow lines have a geometry different from the one described here: the flow in the ionosphere is strongly slowed and the flow lines are straight lines tilted toward Jupiter. Like Saur et al. [1999] , we show that the plasma density in the center of the wake cannot be explained by the ionization provided by the thermal plasma of the torus. We address this issue in section 3.5.
[39] In section 5.2, we will use our prescribed ''slowed flow'' to compute the total current along Io's Alfvén wing and claim that the reasonable results obtained give a posteriori support to this simplified slowing of the flow.
Flux Tube Composition After the Interaction with Io's Neutral Corona
[40] Figure 8 shows the mixing ratio of ions along the GLL/J0 trajectory, downstream of Io, computed for Case 6 with slowed flow. On flow lines that pass far from Io (i.e., flow lines 0 to 5), the downstream flux tube composition is similar to the upstream composition where O + and S ++ are dominant. On flow lines that pass through the dense atmosphere (i.e., flow lines 9 to 14), the composition is radically changed. The flux tube is almost depleted of all atomic ion species due to charge exchange of O + and S ++ with SO 2 and S + with SO (see Appendix A). Consequently, the downstream composition of the flux tubes that interacted strongly with the SO 2 corona is dominated by SO 2 + and SO + ions and the average ion charge state $1 (compared with $1.5 in the upstream flow). This result has important consequences. Molecular ions recombine more rapidly than atomic ions because the molecular recombination is followed by quick dissociation and the resulting neutrals can carry the extra energy of the incoming electron. The dissociative recombination rate of molecular ions increases when the electron temperature drops and when the electron density increases, which are the plasma conditions in the dense cold wake. For example, if we assume an electron temperature in the wake of $1 eV and a density of $10,000 cm
À3
, we compute a characteristic time for dissociative recombination of $1 hour (based on the reaction rate coefficients referred in Appendix B). This recombination time is very small compared to characteristic timescales of the torus like the torus period ($10 hours), or the coulomb interaction equilibration time (several days) or plasma radial transport ($30 days). Consequently, SO 2 and SO ions recombine, dissociate and most of them leave the torus system as fast neutrals before exchanging energy with background ions in the torus. This implies that Io's SO 2 corona provides very little mass and energy to the torus but does produce a huge source of fast neutrals. We discuss the issue further in section 3.7.
Field-Aligned Electron Beams
[41] Intense energetic (hundred eV to several keV) electron beams, aligned along Jupiter's magnetic field were observed in the wake, on the flanks and over the poles of Io. If field-aligned electrons are present where the neutral atmosphere is collisionally thick, they are likely very efficient at ionizing neutrals. Like auroral electrons on Earth, each electron of the beam is capable of many ionizations along its path through the atmosphere, losing a few tens of eV per ionization. We propose here to simply illustrate the effect of field-aligned electrons on Io's plasma production.
[42] Williams et al.
[1996] detected bi-directional electron beams along the GLL/J0 trajectory with energy >15 keV and a low energy flux $0.03 ergs cm À2 s À1 (0.03 Â 10
À3
Watts m
À2
) in each direction [Williams et al., 1999] . Similar beams were also detected on another flyby, along the antijovian flank of Io, $200 km above the surface and potentially in the very dense part of the atmosphere [Mauk et al., 2001] . Frank and Paterson [1999] report the detection of electron beams along the GLL/J0 trajectory in the range $100 eV to $1 keV. These beams have a lower average energy (i.e., $350 eV) and a larger total energy flux $4 erg cm À2 s À1 (4 Â 10 À3 Watts m À2 ), including both fieldaligned directions. The $350 eV electron beams were not observed along the flanks because of instrument failure but there is no reason to believe that they were not present as well [W.R. Paterson, personal communication, 2006] .
[43] The ionization efficiency of these electron beams depends on two crucial elements: the incoming energy of these electrons and the atmospheric column they encounter. If the electrons are too energetic or if the atmosphere is too thin, the electrons may go through the entire Io's corona without losing much of their energy. We will show that >15 keV electron beams provide negligible ionization even when they go through the dense part of Io's corona. The $350 eV electron beams will be the most efficient at providing extra-ionization in Io's corona. The global distribution of these beams is not well known. It is constrained by Galileo observations along a few flybys (see Chust et al. [2005] for a summary) with very little flux upstream. In a simplified experiment, we assume a uniform flux of fieldaligned electrons over the entire interaction region. The contribution of the field-aligned electrons to ionization is dependent on the column of neutral atmosphere, so little ionization is generated where the corona neutral density is low. In Appendix D, we estimate the ionization rate of the $350 eV electron beams following the empirical formulation of Rees [1989] for the energy deposition of monoenergetic auroral electrons in the terrestrial atmosphere. We average this ionization rate, q beam (cm À3 s
À1
), on a cylindrical atmosphere 1 R Io high in the field-aligned direction using the nominal SO 2 densities along the profile of Figure 2 . The electron density provided by this particular ionization process, assuming a typical characteristic time for the flow to go around the flanks of Io of t $ 60 s, is
[44] We simply add this contribution to the plasma density calculated along the GLL/J0 trajectory that was provided by the thermal electron ionization. Figure 9 shows the electron density profile along the GLL/J0 trajectory of Case 6 (Nominal SO 2 with slowed flow) with and without the 350 eV electron beams. The beams provide significant additional ionization for flow line numbers 10 to 14. Farther out, the atmosphere is tenuous and the $350 eV electrons go through the density column without depositing much energy. We note that t for flow lines very close to the bound ionosphere could be much longer for the slowed flow. That is why Figure 9 should be understood as a mere illustration of the efficiency of the beams.
[45] Finally, we illustrate the sensitivity of the results to the energy of the incident electrons. The electrons follow a convoluted path through the atmosphere and can eventually stop in the atmosphere after loosing all their energy. The stopping distance for primary auroral electrons in the terrestrial atmosphere is described by an effective range (from Rees [1989] , see Appendix D)
where E is the incident energy in keV and the effective range, R(E), is given in units of gm cm
À2
. The effective range is an experimentally derived parameter and varies strongly with the incident energy (as E 67 ) but is practically independent of the nature of the target (S.C. Solomon, private communication). If the incident energy is too high, the stopping distance can be larger than the neutral mass column along the path of the electron. This means that the electron does not stop in Io's corona, loses little energy and provides little ionization. For flow line 14, the $350 eV/4 erg cm 2 s À1 (4 Â 10 À3 Watts m
) electron beam provided an extra electron density $4,000 cm
À3
. As an illustration, the 15 keV electron beams, for the same energy flux (the observed energy flux of these beams is actually 2 orders of , much less than the lower energy electron beams.
[46] Acknowledging the limited observational constraints on the location, full energy spectrum and source mechanism of the beams, as well as the very simplified treatment of the ionization they provide in our modeling, the main conclusion of our simple study is that the low-energy ($350 eV) electron beams could contribute considerably to the plasma density observed downstream of Io. Saur et al. [2002] reached a similar conclusion with different assumptions about the location and ionization mechanism of such electron beams. They computed an ionization rate coefficient for the energetic beam electrons in the same way as for thermal electrons (see Appendix B). They use the experimental ionization cross-section and a non-Maxwellian distribution function derived from the energy flux of the energetic electrons of Williams et al. [1996] extrapolated down to 2 keV. The main simplification of this approach is the assumption that this non-Maxwellian energetic population is permanently embedded in the torus and never loses energy. The authors assume that these beams exist mainly on the downstream side of Io. In the present work, we assume a uniform flux of field-aligned electrons over the entire interaction region covered by our flow lines.
[47] Our empirical formulation of the beam simplifies the calculation of the ionization provided by the beams by using laboratory deduced parameters in lieu of cross-sections. It addresses the ionization provided by the primary electrons impinging Io's atmosphere and ignores the effect of the secondary electrons on the plasma production and on the electron thermal content of the flux tube. Our approach also takes into account the multiple ionizations provided by each primary electron on its path through the neutral density and the subsequent energy loss of the beams through the process. In this sense, it is the first step toward the treatment of the beams with a full electron energy transport calculation where the energy deposition of both the primary and secondary electrons is computed self-consistently (see Grodent and Gérard [2001] for an example of such a code in Jupiter's atmosphere).
Definitions
[48] First, we define the concepts of neutral loss rate, plasma production rate and pick-up currents that we show in Tables 2 and 3 . We think that these concepts are sometimes confusing in the literature. These definitions are the one we adopt for this specific paper, acknowledging that it is sometimes difficult to find simple names to describe complex processes. The neutral loss rate (s
À1
) is the number of neutrals removed from Io's corona by ionization and charge exchange, integrated on the whole simulation box. We compute these rates by integrating along each flow line the local rate of the neutral loss multiplied by the volume of the cell at each time step of the flow motion. Delamere and Bagenal [2003] define this rate as a source rate in their homogenous torus model. We emphasize that this definitions does not include other neutral loss processes like thermal Jeans escape, atmospheric sputtering or electron impact dissociation.
[49] The ion mass production rate (kg s
) is the mass of ions locally added to or subtracted from the torus plasma. In the literature, this rate is also called the mass loading rate [Saur et al., 2002] . Because of the complexity of the multispecies chemistry, we compute it by calculating, for each ion separately, the mass flux difference between the upstream side and the downstream side of our simulation box where the flow velocity is close to the corotation velocity.
[50] The plasma production rate (s À1 ) is the rate of electrons added locally to the torus. It is computed as an electron flux difference on each side of the simulation box as well.
[51] The power added is also computed as a difference of energy fluxes at the ends of the simulation box. The energy flux is computed as the product of the ion temperature, density and velocity for each ion as in Bagenal [1997] .
[52] Ion pick-up is a process of reacceleration of the new ions created at rest in Io's reference frame by ionization and charge exchange. The new ion acquires a guiding center drift as well as a gyrospeed around the guiding center equal to the local flow velocity in Io's reference frame. Because the electron and the ion resulting from ionization have very different gyroradii, a slight separation of charge, in the direction of Io's electric field occurs and is the source of a perpendicular (to Jupiter's magnetic field) current called the pick-up current [e.g., Thomas et al., 2004] . Usually the name pick-up refers to reacceleration after ionization, but conceptually, the same process takes place after a charge exchange reaction where the new ion is created at rest in Io's reference frame. In this paper we compute the local pick-up current separately for the electron impact ionization and charge exchange reactions with all neutrals. The expression of the local pick-up current density can be found in Goertz [1980] 
where the subscript i represents each ion species, q i is the charge of the new ion created by ionization or charge exchange, m i is its mass, _ n i is the rate of new ions created, r L is the gyroradius of the ion in Jupiter's local magnetic field B 0 , E is the local electric field and V flow is the local flow velocity, both in Io's reference frame.
[53] The pick-up current is not the only current that flows through Io's corona/atmosphere. The conduction currents flow through the dense ionosphere of Io as a result of elastic collisions between ions and neutrals (i.e., induced dipole attraction). These currents are not considered in our calculations. The induced dipole attraction cross-sections are much smaller than the resonant charge exchange crosssections at corotational flow speed and become comparable for very slow flow speed deep in the collisional ionosphere [Saur et al.,1999] , which we do not model here. Therefore the pick-up current resulting from ionization and charge exchange dominate in the corona beyond 1.26 R Io which was defined as the limit of the collisional ionosphere.
[54] The Alfvén wing current is the current propagating along the Alfvén wing (see review in Kivelson et al. [2004] and Saur et al. [2004] ). This current was deduced from Voyager magnetometer data and the diversion of the flow around Io's Alfvén wing [Acuna et al., 1981; Belcher et al., 1981] . In this work, we only calculate the pick-up contri-bution to the Alfvén wing current and we do this separately for the current resulting from ionization and from charge exchange reactions. We obtain the Alfvén wing current by computing the local divergence of the local pick-up current density and spatially integrate this Alfvén wing current density on one side of Io (i.e., anti-jovian northern side of Io's atmosphere) to isolate one branch of the Alfvén wing current system. The total pick-up current through Io is diverted along the Alfvén wings toward both ionospheres of Jupiter and is thus twice the pick-up contribution of the Alfvén wing current.
Discussion
[55] After concluding that the molecular SO 2 chemistry is dominant and that the slowing of the flow is critical, we illustrate in Figure 10 and Figure 11 the 2-D distribution in Io's equatorial plane of some SO 2 chemical processes as well as some plasma characteristics both for the non-slowed and for the slowed flow. From left to right and top to bottom, we show the flow speed, the electron temperature, the SO 2 + temperature, the ionization, charge exchange and recombination production/loss rates (in cm À3 s À1 ), the SO 2 + and the electron density. The panels showing the ionization rate in Figures 10 and 11 confirm that the plasma production inside the bound ionosphere can be ignored. By extrapolating the resonant charge exchange rate inside the bound ionosphere, for an almost stagnated flow (<2 km/s), we computed that the neutral loss rate by resonant charge exchange inside the bound ionosphere $10 percent of the total neutral loss rate out of the bound ionosphere (see also Table 2 ) and can thus be ignored as well. We thus confirm, a posteriori, that the bound ionosphere can be neglected while focusing on the chemistry as stated in section 2.3. Figure 10 and Figure 11 also show the pick-up (ionization and charge exchange) current represented by the vector field and the Alfvén wing current density. As we do not model the conduction current in the bound ionosphere, the computation of the divergence of the horizontal current that we use to compute the Alfvén wing current should result in a strong vertical current at the boundary of the bound ionosphere (1.26 R Io ). This current is an artifact caused by ignoring the ionospheric current in the present work and has been purposely deleted in these figures. As shown in Saur et al. [1999] , the pick up current actually connects continuously with the conduction current in the bound ionosphere. Table 2 shows the rates of neutral loss, ion mass production The total ion mass production rate: it includes the S, O, and SO contributions, although they are not shown in the table. The plasma production rate deduced from the Galileo observation in Io's wake by Bagenal [1997] , considering her rectangular geometry, corrected under the assumption that the atmosphere is 1R Io high along the Jupiter field lines. Table 2 ). Table 2 ).
A09208 DOLS ET AL.: IO'S LOCAL PLASMA INTERACTION and plasma production rates as well as the amount of currents generated in the interaction calculated for a 1 À R Io extension of the equatorial atmosphere along the jovian magnetic field direction.
Validating the Prescribed Slowing the Flow with the Current Calculation
[56] Some of the quantitative results that will be presented in this section (neutral loss rate by resonant charge exchange, Alfvén wing current) are very sensitive to the velocity field, it is thus very important to assess the validity of the flow we use in order to show that these results are relevant. Our first hypothesis for the description of the flow was the ''non-slowed flow'', our second was the ''slowed flow'' prescribed with the only constraint of yielding an ion temperature along GLL/J0 that fits the data. The computation of the Alfvén wing current will give a convincing support to the second description of the flow and the quantitative results inferred from it. The Alfvén wing current that we compute for the two flow hypotheses are shown in Table 2 . We compute for the non-slowed flow a 200 MAmp current solely because of pick-up while the Voyager canonical current (including contribution from the pickup and ionospheric conduction currents) was reported close to 2.8 MAmp [Acuna et al., 1981] . There is no net Alfvén wing current estimate from the Galileo observations because the flybys were not at distant high latitude like that of Voyager 1 where the measurements are sensitive only to the Alfvén wing current. This largely overestimated current demonstrates that the non-slowed flow hypothesis cannot yield credible quantitative results when they depend on the flow velocity. The current computed for the ''slowed-flow'' shows a pick-up contribution to the Alfvén wing current $2.6 Mamp. Noting the extreme sensitivity of the current to the flow velocity, it is remarkable that the current we compute with the slowed flow is in the range of the Voyager estimation. It is also consistent with the total current (5 Mamps, including pickup and ionospheric conduction) modeled self-consistently by Saur et al. [1999] for Galileo conditions. Our current is expected to be less that Saur's as we do not include the conduction current in the collisional ionosphere. The important point is that the ion temperature along GLL/J0 and the current computation as well as the quantitative results shown in Table 2 validate the ''slowed flow''. Our calculation also suggests that the pick-up current contributes substantially to the flow dynamics, which seems contradictory to Saur et al.'s [2003] claim that the elastic collisions alone generate Io's electric system and slowing of plasma flow. Our results are actually consistent, but we differ in semantics. We elected to include charge exchange as a pick-up process while Saur et al. include the resonant charge exchange in the elastic collision term.
Electron Cooling Limits the Ionization
[57] Figure 10 and Figure 11 display the electron temperature and electron density around Io. The electrons cool on their way along the flanks of Io (from 5 eV down to $0.1 eV in the core of the wake). The ionization rate region is upstream of Io, extending on the flanks in a boomerang shape because the electrons become too cold downstream to provide any further ionization. The cooling of the electrons limits the plasma (and mass) production rate both when the flow is slowed and when the neutral column density is increased. Intuitively, slowing the flow would increase the interaction time and force the flux tube to remain in regions of high neutral density and the plasma density could build up to extremely high level as suggested by Kivelson et al. [2004] . Table 2 shows that the plasma production rate is actually quite similar for slowed and non-slowed flow: the electron cooling counter-balances the longer-interaction time effect and limits the plasma density in the wake. This cooling limits also the ionization when the neutral column density is increased. Table 3 experiments shows the results of the different sensitivity experiments where we vary the SO 2 column. When the column is increased by a factor 15 (Case 4 compared with Case 5), the neutral loss rate by ionization, ion mass production, and plasma production rates increase only by a factor 1 -2. This stabilization effect was illustrated as well in Saur et al. [2003] in their Figure 3 , where the electron-impact ionization and dissociation plateau for large SO 2 densities. 3.7.3. Role of SO 2 Resonant Charge Exchange
[58] In Figure 10 and Figure 11 , the location of the SO 2 + production rate by resonant charge exchange is roughly circular, as it depends mainly on the SO 2 distribution. This rate is larger on the flanks where the flow velocity is large because the reaction rate is also proportional to the flow velocity. Consequently, the charge exchange rate is slightly lower for the case where the flow is slowed down. We immediately note that the local rates of charge exchange are about a factor of 10 larger than the ionization rates (note the different color scales for the panels of ionization and resonant charge exchange). Table 3 experiments illustrates further that the resonant SO 2 charge exchange dominate the neutral loss rate and the Alfvén wing current, whatever the corona neutral density.
[59] The SO 2 + temperature is an indicator of the energy extracted from the plasma flow and supplied to Io's plasma environment. The SO 2 + picked-up on the flanks (after an ionization or resonant charge exchange) where the flow velocity is fast will experience additional resonant charge exchange all along its downstream path. After a cascade of resonant charge exchanges, the last ion created by this process will be picked-up at the slower flow velocity downstream and end up cooler. This result is even stronger when the flow is slowed. The pickup of heavy SO 2 + ions close to Io is thus not a large energy supply as commonly supposed, it is mainly a process that creates a large supply of fast neutrals. This also explains the apparent contradiction with Bagenal [1997] . The author developed a simple model of the energy flux along the GLL/J0 trajectory to conclude that there is probably very little charge exchange reactions in Io's corona. we actually show that there is a lot of charge exchange taking place in the corona but the local pickup of heavy ions energizes the plasma only locally and, because of the cascade, does not provide much increased energy flux along GLL/J0 as confirmed by the observations.
Ion Mass and Plasma Production Rates
[60] The plasma production rates derived in this study are comparable to those estimated by Bagenal [1997] from Galileo observations in Io's wake, assuming a similar geometry for the interaction regions. Bagenal [1997] reported a plasma production rate $5.3 Â 10 27 s
À1
, assuming a rectangular geometry of the interaction region extending 2 R Io along the field lines. As discussed in section 2.2.1, the SO 2 atmosphere seems confined to the equatorial latitudes. We follow Saur et al. [2003] by assuming a 1 R Iohigh rectangular geometry and get a revised-Bagenal plasma production rate $2.7 Â 10 27 s
, close to our computed rate $2.1 -2.3 Â 10 27 s À1 . As noted before, our model is short on plasma density in the core of the wake and we claimed that the parallel electron beams are needed to account for the large plasma density in the center of the wake. The local mass production rate in the wake of Io is small. We compute a SO 2 + -dominated local mass production rate $200-300 kg/ s comparable to the one deduced by Bagenal [1997] or computed by Saur et al. [2003] . In the literature, this ion mass production rate is usually compared to the canonical value $1 ton/s. We think that this comparison is misleading. Firstly, the canonical value is not a mass production rate but a neutral loss rate. Delamere and Bagenal [2003] and Delamere et al. [2004] clarified this issue. Their model computed a neutral loss rate $1 ton/s (called ''neutral source rate'' in their publications) but about half of it leaves the torus as fast neutrals and only about 400 kg/s of fresh ions is actually supplied to the torus. Moreover, the derived neutral loss rate changes with epoch, from $0.5 tons s
(Cassini) to $1.5 ton s À1 (Voyager 2). Secondly, we claim in section 3.4 that these SO 2 + fresh ions recombine and dissociate rapidly so they are mainly a local mass production in the wake of Io but do not contribute to the global torus ion supply. We argue that it makes little sense to compare this local mass production rate to the canonical mass loading rate provided by the extended neutral clouds.
[61] The location of the ion supply to the torus is an outstanding and controversial issue, as reviewed by Thomas et al. [2004] . Our conclusion opposes Hill and Dessler's [2004] assumption that a significant fraction of the torus plasma is injected very near Io (<1 R Io of the surface), which is the key for their explanation of the low perpendicular temperature of S + in the ribbon. Our conclusion of an ion supply to the torus is consistent with the modeling of Delamere et al. which requires a pickup of fresh S and O ions at full corotation, far from Io. 3.7.5. Neutral Loss Rate
[62] The loss rate of neutrals in the corona is very large. Table 2 shows that the corona loses $2-3 tons/s from SO 2 resonant charge exchange and $200-300 kg/s from ionization. Even without electron impact dissociation and sputtering, these results are much larger than the neutral source rate of Delamere et al. [2004] , which range from 0.5 to 1.5 ton s
. We recall that the charge exchange does not provide fresh plasma to the torus but merely neutrals. Some of the neutrals, created at very slow flow velocity (<2 km/s) will eventually feed the extended neutral cloud together with the sputtering and the electron-impact dissociation processes but most of them will be fast enough to leave the torus environment entirely.
Conclusions
[63] We have coupled a model of an incompressible flow around a conducting obstacle (Io and its ionosphere) with a chemical model that includes a detailed chemistry of S, O, SO and SO 2 to study the local (inside $6 R Io ) interaction of Io's neutral corona and the plasma torus. We have prescribed the neutral density profiles in the corona, implicitly assuming that the atomic profiles are the result of fast electron impact dissociation of SO 2 . We have also prescribed the plasma flow around the obstacle. We have not addressed the processes taking place in the collisiondominated ionosphere, where elastic collisions (induced dipole attraction) dominate, the flow is stagnated and little chemistry takes place. We have tested the sensitivity of this coupled model to different compositions and column densities of the neutrals species around Io as well as to a prescribed slowing of the flow around Io. We have validated the prescribed slowing of the flow and the quantitative results inferred from it by computing an Alfvén wing current consistent with the Voyager observation or self-consistent modeling of other authors. We have compared the model results to the GLL/J0 observations in Io's wake. We have also estimated the ionization provided by the $350 eV field-aligned electron beams similar to those detected by Galileo in Io's wake. We summarize the main conclusions of this paper as follows:
[64] (1) To explain the plasma density and ion temperature profiles observed by Galileo along the J0 flyby trajectory, a dense and localized neutral density close to Io is required (<2 R Io ). The natural candidate of such a dense atmosphere is SO 2 . We used a density such as that derived by Wolven et al., 2001 at 2 R Io , i.e., a column density of 1-2 Â 10 14 cm À2 or a local density of 1 -2 Â 10 5 cm
À3
at 2 R Io .
[65] (2) S and O neutral atoms (assuming density profiles and columns deduced from observations) are minor players when modeling the local chemistry. The whole interaction can be reasonably described with a single-species model (SO 2 ) including the three main reactions: the electron impact ionization, resonant charge exchange of SO 2 and SO 2 + dissociative recombination. Molecular SO is assumed to be a minor species and does not play a major role in the chemical interaction.
[66] (3) The flux tubes that interact with Io's corona become rapidly devoid of almost all atomic ions and leave Io's vicinity dominated by SO 2 + and SO + . These molecular ions recombine and dissociate rapidly and leave the corona as atomic neutrals. Consequently, the local interaction contributes very little to the ion supply and energy fluxes into the torus. The mass and energy supply to the torus plasma are presumably provided by the extended neutral clouds far (>10 R Io ) from Io.
[67] (4) The high plasma density observed in Io's wake requires a supplemental ionization mechanism beyond the ionization provided by the torus thermal electrons. The $350 eV field-aligned electrons beams detected around Io by Galileo could be this supplemental ionization source, provided they are also present in the dense part of Io's neutral corona. The >15 keV parallel electron beams do not contribute much to the plasma production because they can pass through the entire Io neutral atmosphere/corona without depositing much energy.
[68] (5) The cooling of the torus thermal electrons by inelastic collisions with the neutrals provides a selfregulating mechanism that limits the ionization even when the neutral density is increased. Because of this, we compute (not including the effect of the electron beams) for a 15-fold variation of the SO 2 density, relatively constant local mass production (200-300 kg/s) and plasma production rate (1.8 -2.9 Â 10 27 s
À1
). These results are close to the Bagenal [1997] value $2.7 Â 10 27 s
, computed for a rectangular geometry of the interaction region when it is corrected under the assumption that the atmosphere is 1 R Io high along the Jupiter field lines. They are also close to Saur et al. [2003] results of a plasma production rate $1.6 Â 10 17 s À1 for an SO 2 atmospheric column comparable to our nominal atmospheric column of 6 Â 10 20 m À2 .
[69] (6) The neutral loss rate is large and dominated by the SO 2 resonant charge exchange, which provides fast neutrals, most of them able to leave the torus system. Assuming an SO 2 atmosphere/corona with a 6 Â 10 16 cm
À2
vertical column and prescribing a slowing of the flow around Io, we estimate a neutral loss rate through ionization and charge exchange $2,400 kg/s (22 Â 10 27 s À1 ). Other neutral loss processes, including electron impact dissociation and atmospheric sputtering, are not considered here.
[70] (7) The resonant charge exchange and ionization reactions on SO 2 contribute substantively to the current in Io's Alfvén wing and to the dynamics of the plasma flow around Io. We compute a pick-up current contribution to the Alfvén wing current (ionization and charge exchange) of $2.6 MAmp at the time of Galileo flyby ($5.2 MAmp for the pick-up current). The conduction currents flowing in the collision-dominated ionosphere are not computed in this work but will also contribute to the total Alfvén wing current.
Appendix A: Chemical Reactions
[71] Table A1 lists the set of reactions we considered in this model. The references for each reactions are listed with the model equations in Appendix B. The atomic chemistry is similar to Delamere and Bagenal [2003] . Recombination of S + and O + are ignored because the reaction rate coefficients are very small. We limit the list of charge exchange reactions with SO 2 to those displaying large cross-sections or involving a major ion of the torus (S ++ or O + ).
[72] The SO 2 electron impact dissociation reactions are not included in the mass and energy ions equations as we prescribe the atomic composition of Io's corona, assuming that this composition results from the fast dissociation. Nevertheless, the dissociation reactions are included as energy losses in the equation of electron energy. The SO reactions are limited to the reactions that have large crosssections for electron temperatures of $5 eV and below: the electron impact ionization, charge exchange with S + and dissociative-recombination.
Appendix B: Model Equations

B1. Ion Equations
[73] These equations are adapted from the work of Delamere and Bagenal [2003] . Some terms of their model have characteristic times of tens of days (coulomb interaction equilibration time, radial transport, UV emission of ions). The characteristic time for the plasma to flow in Io's corona is of the order of minutes to tens of minutes, so these long time scale terms can be neglected here. The basic equations for mass and energy for each ion species, a are
[74] We compute the time variation of density and energy in the plasma blob on its way around Io by calculating, at each timestep, the sources and losses of density and energy in the blob as it encounters the neutral densities. The source rate for the density of each ion species, n a , is
where K Ioz is the electron impact ionization rate coefficient for the thermal electron populations, K recomb is the recombination rate coefficient, a À and a + are the lower and higher ionization states of species a, and K cx symbolically represents all charge exchange reaction rate coefficients between ions and neutrals which produce species a given in Table A1 . The loss rate for the density of each species, n a , is
cx n a n b ðB4Þ
[75] The energy input rate for a given species is
[76] The temperatures are expressed in eV. In the case of ionization or charge exchange involving neutrals, the input temperature is determined from the pick-up energy given by
where V flow is the local prescribed flow velocity. The energy loss for a given species is
Ioz n el n a T a þ K a recomb n a n el T a þ X a;b K a;b cx n a n b T a
[77] The electron impact ionization and recombination rate coefficients are given by D.E Shemansky [personal communication, 2006] . They depend on the electron temperature. Their general analytical form for each process is where f Maxwell is the normalized Maxwell electron distribution function at temperature T el and s the process crosssection. The charge exchange rate coefficients are computed as
[78] Although s cx depends slightly on the relative velocity between the ions/neutrals involved in the charge exchange, we use a fixed charge exchange cross-section at 60 km/s from McGrath and Johnson [1989] for all charge exchange reactions and a 10 Â 10 À16 cm 2 for the SO 2 resonant charge exchange [R.E. Johnson, personal communication, 2006]
B2. Electron Equations
[79] The electron density is computed with the ion densities assuming charge neutrality. Delamere and Bagenal's [2003] electron equation had to be revised completely as these electrons encounter locally a large neutral density. They are cooled down by inelastic collisions (ionization, recombination, dissociation, vibrational and rotational excitation) with neutrals. We limit our calculation to the inelastic collisions with SO 2 as we showed that it dominates the chemistry. We adopt the thermal electron energy description of Saur et al. [1999] of instantaneous electron heat conduction in the flux tube. The electrons in each flux tube adjust to one common temperature instantaneously so that the temperature calculated in the model is the average temperature of the whole flux tube electrons. We compute the time variation of the electron total energy content (W) of a flux tube of the torus (extending from À1R J to +1R J along the magnetic field line)
with n el = electron density, n SO 2 = SO 2 neutral density, and EL(T el ) = energy loss in units of eV cm 3 s
where for each inelastic process (dissociation, ionization, rotational and vibrational excitation of SO 2 ), d E process is the energy lost in each process (13.1 eV for ionization, 5.7 eV for dissociation, 0.012 eV for vibrational excitation, 0.064 eV for rotational excitation) and K are the rate coefficients defined previously. We note that the energy losses and cross-sections for rotational and vibrational excitations are effective values adopted here to avoid the computation of the full rotational and vibrational excitation [D.F. Strobel, personal communication, 2006] . F heating represents the heating of electrons by ions and neutrals. Its analytical formulation is taken from Saur et al. [1999] . This term becomes important when the electrons cool down to 0.2 eV. The average flux tube electron temperature is then computed as
Appendix C: Velocity Field
[80] We describe here the formulation of the velocity field use in section 2.2. The velocity field is based on the model of Neubauer [1980] . Barnett [1986] writes explicitly the velocity components of Neubauer's model and fit the model to velocity measurements along the Voyager flyby of Io.
The velocity field is similar to a uniform plasma flow around a long cylindrical perfect conductor slightly larger than Io (R c = 1.26 R Io ), implying that the region of high conductivity is the ionosphere of Io rather than the satellite itself. We further simplify Barnett's formulation to get the flow in the equatorial plane of Io by neglecting the Hall current effect as well as the bent of the Alfvén wing (f 0 = 0 and q a = 0 in Barnett's formulation) and describe the flow as 
where V 0 is the flow velocity far from Io (57 km/s) in the X direction,
[81] In section 3.3, we slow this flow (and call it the ''slowed-flow'') by multiplying the X component of the flow here above by the cylindrically symmetrical correction factor g g r ð Þ ¼ 1: þ 1:3 r À 1:91 ð Þ ð C6Þ
in order to get a good fit of the average ion temperature computed by the model and the average ion temperature inferred from the observations along GLL/J0.
Appendix D: Field-Aligned Electron Beams
[82] We describe hereafter an empirical formulation from Rees [1989] of energy deposition of monoenergetic auroral electrons in the Earth atmosphere. The impinging electrons follow a convoluted path through the atmosphere, losing $35 eV per ionization. The stopping distance for primary auroral electrons in the terrestrial atmosphere is described by an effective range 
where E is the incident energy in keV and the effective range, R(E), is given in units of gm cm À2 . The effective range is an experimentally derived parameter and applies to incident auroral electrons with energies in the range 200 eV < E < 50 keV. The electron energy is not dissipated uniformly along its range. The normalized energy dissipation distribution is a function of the fractional range L(s/R) where s(z) is the atmospheric scattering depth (gm cm where p(z) is the mass density. Several energy dissipation distribution functions for Earth's atmosphere are shown in Figure 3 .3.2 in [Rees, 1989] . Although these curves depend on the composition of the atmosphere, we use the 300 eV distribution as a first approximation for Io's atmosphere as well.
[83] For the terrestrial atmosphere, each electron loses an average energy, D ion , of 35 eV per ionization for E > 70 eV. For our estimate we will use the same average energy loss. This includes the ionization energy itself (13.1 eV for SO 2 ) plus the kinetic energy of the secondary electron and excitation energy of the resulting ion. At lower energies, the loss per ionizing reaction increases sharply as more energy is lost in excitation of the resulting ion. For simplicity, we will assume that the electron loses a constant 35 eV amount until it stops in Io's atmosphere. The total ionization rate is given as
where F E is the energy flux observed by Galileo.
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